Microfluidics and Nanofluidics (2019) 23:65
https://doi.org/10.1007/5s10404-019-2236-8

RESEARCH PAPER q

Check for
updates

Passive sorting of emulsion droplets with different interfacial
properties using laser-patterned surfaces

Zeeshan Rashid' - Ahmet Erten? - Berna Morova® - Metin Muradoglu* - Alexandr Jonas’ - Alper Kiraz'*

Received: 5 October 2018 / Accepted: 27 March 2019
© Springer-Verlag GmbH Germany, part of Springer Nature 2019

Abstract

We demonstrate passive sorting of emulsion microdroplets based on differences in their interfacial tension and contact angle.
The sorted droplets are flowing inside a microfluidic channel featuring a shallow guiding track (depth ~ 0.6 pm) defined by
femtosecond laser micromachining in polydimethylsiloxane coating deposited on glass. Under these flow conditions, the
droplets experience a confinement force that pulls them into the track; this force depends on the interfacial tension and the
difference between the contact angles inside and outside the ablated track. The interplay between the confinement force, fluid
drag, and wall friction then determines the trajectory of the droplet along the guiding track. We investigate experimentally
the droplet trajectory as a function of droplet velocity and angle between the track and the channel axis and demonstrate
precise control of droplet direction by adjusting the track angle. Moreover, we show that droplets of liquids with different
interfacial tensions and contact angles travel different distances along the guiding track at a constant flow rate, which can
be used for droplet sorting. We develop a theoretical model that incorporates the droplet position with respect to the ablated
track, interfacial tension, and contact angles to predict the droplet trajectory under given experimental conditions. Thus, the
dynamic behavior of the droplets leading to different guiding scenarios can be studied without the need of computationally
expensive fluid dynamics simulations. The presented study paves the way for designing and optimizing new systems for
advanced manipulation of droplets of different content using potentially reconfigurable guiding tracks.

1 Introduction

In recent years, droplet-based microfluidics has changed the
paradigms for studying chemical and biological processes in
research and clinical laboratories, offering the advantages of
high throughput, reduced reagent consumption, fast response
time and miniaturized spatial requirements. By encapsulat-
ing chemical and biochemical reactions in picoliter volume
of microdroplets, it has become possible to overcome chal-
lenges associated with conventional methods, such as evapo-
ration, complicated fluid handling, dispersion and dilution
of reagents, making the analytical and preparative proto-
cols highly efficient and economical (Sims and Allbritton
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2007). To date, droplets have been successfully employed
as versatile containers carrying chemicals, enzymes, DNA,
or even living cells for long-term analysis or further chemi-
cal treatment (Yan et al. 2016; Theberge et al. 2010; Bain
et al. 2017; Rashid et al. 2018). The advancement in the
field of droplet microfluidics requires fast and precise con-
trol over the motion of droplet-based reaction containers to
direct them to the correct location, for instance, toward the
starting position of another experimental protocol or to a
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position where they can be analyzed or held for incubation.
Sorting of selected droplets moving in a densely populated
stream with high sorting speed and accuracy is of paramount
importance for high-throughput parallelization of isolated
chemical reactions encountered in diagnostic screening or
optimization of synthetic protocols (Abate et al. 2010). Such
directed manipulation requires a high degree of control over
individual droplets with minimal alteration of their chemical
composition or physical structure (Ahn and Kerbage 2005).

Droplet manipulation methods can be classified as active
or passive. Active manipulation techniques require external
mechanisms to control the motion of the droplets, such as
light (Fradet et al. 2011; de Saint Vincent et al. 2008; Baret
et al. 2009), electric field (Ahn and Kerbage 2005; Guo et al.
2010; Pit et al. 2016), magnetic field (Brouzes et al. 2015),
membrane valves (Chen et al. 2016; Abate et al. 2010) or
surface acoustic waves (Xi et al. 2017). Since active sort-
ing of droplets typically involves analyzing of the droplet
contents, it is quite flexible in terms of selecting the sort-
ing parameter. On the other hand, active sorting protocols
require a fast feedback loop that enables actuation of the
droplet position or direction of motion on the basis of the
outcome of the analysis step, which increases complexity
of the microfluidic system. Passive manipulation methods
are more straightforward to implement and operate autono-
mously; however, they require extremely optimized layouts
because of the sole dependence on the fluid properties and
chip design parameters and do not allow for a wide adjust-
ment of sorting criteria (Rashid et al. 2017). As a conse-
quence, a relatively limited number of works on passive
droplet manipulation have been reported in the literature to
date. These include viscoelasticity-based sorting in shear
gradients (Hatch et al. 2013), size-based sorting using bifur-
cated channel flow with controlled junction geometry (Tan
et al. 2004, 2007), tensiophoresis (Kamalakshakurup and
Basu 2013), and hydrodynamic sorting using microfabri-
cated rails (Yoon et al. 2014). None of these prior works
have employed differences in interaction energy between the
droplets and surfaces with patterned wettability and topog-
raphy for droplet sorting.

Here, we demonstrate passive sorting of emulsion drop-
lets that is based on the contrast of interfacial tension (IFT)
and contact angle (CA) of the droplets with microfabricated
guiding tracks obtained by laser ablation of thin polydi-
methylsiloxane (PDMS) coatings deposited on glass sub-
strates. Schematics of the microfluidic device sections used
for droplet generation and sorting are shown in Fig. 1a, b.
We show that droplets of pure water dispersed in olive oil
are guided more strongly than droplets of water/surfactant
mixture due to their larger IFT and higher difference in sur-
face wettability inside and outside the ablated guiding track.
We develop a theoretical model of droplet motion including
the drag, frictional, and confinement forces (Fig. 1c) acting
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Fig.1 a Top and bottom T-junctions used for droplet generation. b
Part of the microfluidic chip containing a Hele-Shaw flow channel
with a laser-ablated guiding track. ¢ Forces acting on a droplet guided
along the ablated track. Dark-blue circles indicate the central perim-
eter of the flattened droplet with radius R,, light-blue circles concen-
tric with the droplet perimeter indicate the contact area between the
droplet and the bottom surface of the flow channel with radius Ry

on a droplet in the Hele—Shaw flow. Droplet trajectory is
then obtained neglecting inertial effects, i.e., assuming zero
net force acting on the droplet. Subsequently, we match the
model results with systematic experiments carried out with
water droplets suspended in oil, in which we study the effects
of the track slope and droplet flow speed on the stability of
droplet guiding. Finally, we demonstrate passive sorting of
co-flowing emulsion droplets of water and water/surfactant
mixture generated simultaneously in the same chip.

2 Experimental

Microfluidic chips used in the experiments were fabricated
from PDMS using standard soft lithography. The chips fea-
tured two separate T-junctions for independent generation of
droplets of two different liquids, as shown in Fig. la. Drop-
lets transported through inlets 1 and 2 merged in a single
tapered region with the minimal width of 100 pm (similar to
the diameter of flattened droplets) and height of 50 pm that
directed the droplets into the center of a Hele—Shaw flow
channel (see Fig. 1b). In order to define the droplet guiding
tracks, ~ 0.6-pm-thick PDMS layers were spin-coated on
cleaned glass substrates and, subsequently, selectively pat-
terned using femtosecond (fs) laser micromachining. Micro-
fluidic devices were then obtained by aligning and bonding
the top PDMS layer containing the 50 pum deep flow chan-
nels to the patterned bottom substrate with the droplet guid-
ing track (see details in the ESI). The tracks were designed
to have a section inclined at angles @ of 5° (Chip A), 10°
(Chips B, D) and 15° (Chip C) with respect to the axis of the
Hele—Shaw channel, followed by a straight section parallel
to the channel axis. Chips A, B, and C were used to study
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guiding of water droplets at different speeds, whereas Chip
D was used to demonstrate sorting of water and water/SDS
droplets at a fixed speed of the host liquid flow. For all chips,
the width of the track was kept constant at ~ 110 pm. Due
to slight misalignments of the top and bottom parts of the
chip during assembly, the actual values of ® were measured
to be 5.5°, 9.5°,15.5°, and 10.1° for Chips A, B, C and D,
respectively.

For systematic studies of droplet guiding, Chips A, B and
C had blocked ports for injecting the dispersed phase into
inlet 1. Using independent syringe pumps, olive oil was
injected as the continuous phase into both T-junctions and
a single dispersed phase (water or water/SDS) was injected
into inlet 2. Flow rate of oil into inlet 2 was kept constant
at 25 uL/h, while the flow rate of oil into inlet 1 was var-
ied between 20 and 280 pL/h. This scheme worked well for
obtaining a broad range of droplet velocities without consid-
erably changing the droplet size. For demonstration of drop-
let sorting, we used Chip D, in which we generated simulta-
neously water/SDS and water droplets dispersed in olive oil;
these droplets were transported toward the Hele-Shaw chan-
nel through inlets 1 and 2, respectively. Water/SDS solutions
were prepared with a final SDS concentration of 10 mM and
blue dye was added to water droplets in order to distinguish
them from co-flowing water/SDS droplets. In the sorting
experiments, water and water/SDS were injected at a flow
rate of 1 pL/h, while the oil flow rate was kept at 25 pL/h in
each inlet. In olive oil, IFT of water/SDS mixture is much
smaller than IFT of water (¥yuersps ~ 2.5 mN/m (Rashid
et al. 2017), Yyater ~ 16 mN/m (Than et al. 1988)). In order
to ensure similar sizes of both types of co-flowing droplets,
the widths of continuous-phase and dispersed-phase ports in
inlet 1, where the water/SDS droplets were produced, were
twice as large as the port widths in inlet 2 used for generat-
ing the water droplets (see Fig. 1a). The typical lateral diam-
eter 2R, of both types of flattened droplets was about 100 pm.

3 Model for droplet guiding

Our theoretical model of droplet guiding assumes the droplet
motion is determined by the interplay between the fluid drag
force (Fp), frictional force (Fy) and confinement force (F,)
that are schematically shown in Fig. 1c. Microfluidic devices
operate at the low-Reynolds number limit where inertial effects
are negligible and the net force acting on the droplet must be O,
ie., Fp + F; + F, = Oatall times. From this force balance, we
can determine the instantaneous velocity and position of the
droplet flowing within the microfluidic chip. Our droplet guid-
ing experiments were carried out in Hele-Shaw flow geometry,
in which the channel height / along the z-axis is much smaller
than both the channel width along the y-axis and the channel
length along the x-axis. Hence, the scales along the in-plane

directions (x, y) and the out-of-plane direction z separate and
the total velocity field V(x, y, z) of the oil flow can be expressed
asV(x,y,2) = U(x,y)f (). Here, f(z) = (3/2)[1 — (2z/h)*]isa
parabolic Poiseuille flow profile and U(x, y) is the height-aver-
aged in-plane velocity field (Dangla et al. 2011; Beatus et al.
2012). Sufficiently far from the droplet, U(x, y) becomes equal
to the average velocity of oil in the channel, i.e., U(x,y) = U,.
The value of U, corresponding to the actual experiments was
determined by dividing the known flow rate of oil by the cross-
sectional area of the Hele—Shaw flow channel.

3.1 Forces acting on a droplet
3.1.1 Fluid drag force

Obtained as the sum of pressure drag, FD’I,, and viscous drag,
Fp . Fpis given as (Dangla et al. 2011; Beatus et al. 2012):

Ud
FD = FD,p + FD,V = 5 Uo - 7 s (1)

R? . .
where & = 247:;472 <1 + 2%) is the net drag coefficient,

u is the viscosity of the host fluid, R, is the central radius of
the droplet flattened between the top and bottom channel
walls, A is the channel height, and U, and U, are the average
oil and droplet velocities relative to the channel walls,
respectively. Furthermore, g = 2\/§ R,/hand K|,, K, are the
modified Bessel functions of the second kind (Pit et al.
2016). In the water/SDS case, the contribution to Fy, due to
Marangoni stresses arising from the gradients of IFT is
ignored.

3.1.2 Frictional force

Frictional force acting on the moving droplet due to the chan-
nel walls is modeled as

Fy = —pU,, (2)
where f is the overall friction coefficient due to viscous dis-
sipation near the rim of the apparent contact line and in the
bulk of the droplet liquid and due to repeated pinning and
depinning of the droplet contact line from the surface (Bea-
tus et al. 2012; Olin et al. 2013; Butt et al. 2017). The value
of f can be determined from experiments with microfluidic
chips that do not have ablated guiding tracks (i.e., F, = 0).
At the low-Reynolds number limit that is characteristic for
operation of microfluidic devices, inertial effects are neg-
ligible and the net force acting on the droplet is zero at all
times, i.e., F + F; = 0. Using the expressions for Fp, and
F;, p is obtained as:

p=s(i-1)
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where a« = |U,y|/|U,| is the ratio of terminal speeds of the
droplet and the host liquid with respect to the channel walls
(Beatus et al. 2012). We note that the value of f# for a mov-
ing droplet that is crossing the guiding track is expected
to be somewhat higher than the value of f measured for
the same droplet at the non-patterned section of the fluidic
channel. This difference results from the presence of topo-
graphic and wettability patterns on the surface, especially
near inhomogeneities at the edges of the laser-ablated track.
However, such changes of the friction coefficient are difficult
to quantify, as this would require the knowledge of the exact
profile and texture of the guiding track within the contact
area between the droplet and the surface at each point along
the droplet trajectory. For this reason, the friction coefficient
was only measured in the absence of the track on the channel
surface and was assumed to remain approximately constant
for guided droplets overlapping with the track.

In our experiments, we determined @ = 0.85 for water
droplets and a = 1.55 for water/SDS droplets. Upon insert-
ing these values of a into Eq. (3), we obtain f = 0.68¢ for
water droplets and f = 0.14¢ for water/SDS droplets. Due
to the complex nature of friction between the droplets and
the channel surface, interpretation of differences in the
observed values of f can only be speculative. Our measure-
ments of contact angles reported in the ESI show that water/
SDS droplets display consistently higher contact angles on
both PDMS and ablated surfaces immersed in olive oil, in
comparison with pure water droplets deposited on the same
surfaces. Hence, a flattened water/SDS droplet located in
the fluidic channel will have a smaller contact area with
the channel walls than a water droplet of the same volume,
which implies reduced viscous dissipation at the rim of the
contact area (Butt et al. 2017). Also, the presence of sur-
factant in the droplet liquid reduces contact angle hysteresis
(Eckmann et al. 2001), which translates into reduced pinning
of the droplet contact line on the surface and, thus, smaller
resistance of the droplet to translation (Olin et al. 2013).
Finally, we can expect that the presence of the surfactant
will alter the flow pattern within the droplet; this is associ-
ated with changes in the rate of energy dissipation within
the droplet and, consequently, changes of the droplet friction
coefficient. However, since the dynamics of these phenom-
ena taking place in a moving emulsion droplet interacting
with a solid surface of the channel is rather complicated, we
did not attempt to quantify them.

3.1.3 Confinement force

While crossing the boundaries of the guiding track, a droplet
experiences confinement force, Fy, that is directed perpen-
dicularly to the track boundaries and tends to pull the drop-
let into the track. In general, F, arises from changes of the
droplet shape (Dangla et al. 2011) and CA (Pit et al. 2016)
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upon entering or leaving the track. Confinement force F,
acting on a droplet with IFT y due to a change of its sur-
face area A is equal to the negative gradient of the surface
energy E = yA of the droplet: F, = —VE = —yVA. When
the droplet crosses the edge of the guiding track, its surface
area changes only when the droplet has a displacement com-
ponent in the direction { perpendicular to the track edge;
thus, F, ; = —y dA/d{. In our calculations, we approximate
the actual value of F, , that depends on ¢ by its average value
estimated from the total change in the droplet surface area
AA (Fradet et al. 2011):

Fro=rB sy 00 4)

v d¢ Ag 2Ry

In Eq. (4), AA = (A, —Ayw) [AA = (A — Ayy)] 1s the
change of the total droplet surface area upon moving com-
pletely from the outside to the inside [from the inside to the
outside] of the track [detailed expressions for A;, and A,
are given in the ESI]. The corresponding droplet displace-
ment perpendicular to the track edge is then A{ = 2Ry, equal
to the diameter of the droplet contact area with the bottom
channel surface (see Fig. 1c). We assume Ry does not change
when the droplet is inside and outside the track. Variations
in surface wettability inside and outside the ablated guiding
track lead to an additional component of the confinement
force, F s that is proportional to y and to the difference of
cosines of CAs 6, and 6, inside and outside the track (Pit
et al. 2016). Moreover, F,  also depends on the length of
the boundaries between the regions of the droplet-channel
contact area that are located inside and outside the track.
Combination of F, ; and F,, ,, then gives the total confine-
ment force F, as:

AA
F,=F, +F,, = ReTN +7(Dy — Dg)(cos 6, — cos 0,,) .
&)

where D, and Dy are the lengths of chords defined by the
overlap of the circular contact area of radius Ry between the
droplet and the channel surface with the left and right track
edge, respectively (see Fig. 1c).

0., and 6;, were measured by direct imaging of 10 pL
droplets deposited on surfaces immersed in olive oil to be
0. = 172°(177°) and 6, = 167.5°(172°) for water (water/
SDS) droplets (see Sect. 3 in the ESI). We note that our
model of droplet guiding is only an approximation, as it
replaces the actual spatially dependent force F, ; with its
constant averaged value, does not explicitly include the pres-
ence of a thin lubricating film of the host liquid between
the droplet and the channel surface and neglects the effects
of roughness and chemical heterogeneity of the ablated
track surface that cause pinning of the contact line and
contact angle hysteresis (Quere 2008). However, despite
these limitations, the model is still capable of capturing
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semi-quantitatively the essential trends observed in the
droplet guiding experiments with different emulsion sys-
tems under a wide range of experimental conditions. In our
experiments, surface roughness (Smith et al. 2012), van der
Waals interactions (Khodaparast et al. 2017), and curvature
of the channel walls (Muradoglu and Stone 2007) may be
contributing toward rupturing of the lubricating films inside
the guiding tracks, and hence, enabling sorting based on the
interfacial properties of the droplets.

3.2 Finite difference time approach for modeling
of droplet motion

By equating the net force acting on the droplet to zero, i.e.,
Fp, + F; + F, = 0, the following expressions are obtained for
the x and y components of Uy:

¢U, + F,sin®

Uie =577 (6a)
3 F , €O8 0]
Uiy == 557" (6b)

where @ denotes the track angle (see Fig. 1c). In deriving

Eqgs. (6a) and (6b), we assumed the oil velocity U, is directed
along the x-axis, even though U, must also have a compo-
nent along the y-axis in the tapered transition zone at the
beginning of the Hele—Shaw cell, since the flow streamlines
have to expand to cover the full width of the channel. How-
ever, this transverse component of U, is too small to cause
any observable deflection of the droplet trajectory from the
x-axis before the droplet encounters the guiding track, as
confirmed by the experimental videos provided in the ESI.
Moreover, the droplets enter the Hele—Shaw cell along its
axis, where the transverse component of U, must be zero
due to the symmetry. Thus, we neglected the y-component
of U, in the calculations. In our simulations, the droplet
position and velocity are first initialized to zero, and then
Egs. (6a) and (6b) are used to update the values of U, , and
U,,- To this end, in the i simulation step, Dy and D, are
calculated from the actual droplet position (x;, y;) and the
corresponding value of F, is then calculated using Eq. (5).
After updating the droplet velocity [(U,,);, (Ug,);], the posi-
tion of the droplet in the (i + 1)” time step is calculated as
Xip1 =%+ Uy )AL, yiyy = y; + (Uyy);At. This multi-step
iterative approach enabled us to determine the position and
velocity of the droplet at each time step.

Starting from the initial position, simulated droplet tra-
jectories first cross the left edge of the track, remain within
the track for a certain amount of time, and finally leave
the track by crossing its right edge. While the contact area
between the droplet and the channel surface is either com-
pletely outside or completely inside the guiding track, the

confinement force F, = 0. Upon intersecting of the contact
area with either of the track edges, F), starts acting on the
droplet in the direction perpendicular to the track edges and
pointing into the track. In particular, at the left track edge,
Fy points downwards and to the right, which, as a conven-
tion, is assumed to be the positive direction. Similarly, when
the droplet intersects with the right track edge, F, points
upwards and to the left, i.e., in the negative direction (see
Fig. 1c). Figure 2 shows the calculated magnitudes of both
F, and F,,, for a water droplet with the lateral diameter
2R, = 100 pm moving across the guiding track in Chips A,
B and C. As soon as the contact area between the droplet
and the bottom channel surface crosses the left edge of the
track, F, s and F, , become non-zero and start deflecting the
droplet trajectory from its original direction along the x-axis.
A similar deflection then takes place at the right edge of the
track. As the droplet traverses the edges of the track, F,
(green curves) given by Eq. (4) remains constant, whereas
F, ,, (blue curves) evolves with the droplet position accord-
ing to Eq. (5). The analysis presented in Fig. 2 illustrates
that, for our geometrical parameters (channel height, track
depth), magnitudes of both F, and F, ,, are comparable.
Hence, we always consider both of these confinement forces
in our calculations.

4 Results and discussion

Figure 3a—c show experimental and theoretical trajectories
of water droplets in Chips A, B, and C, respectively. The
experimental trajectories of flowing droplets sampled at the
frame rate of 19 fps were determined by video analysis using
a normalized cross-correlation algorithm that also revealed
droplet velocities at different positions along the trajectory
(Rashid et al. 2017). In each sub-figure, the left plot shows
experimental and theoretical trajectories for 5 exemplary
droplets moving at different speeds (movies available in the
ESI), while the right plot shows all experimental trajectories
recorded in the given chip for more than 30 droplets moving
at different speeds. At low U, water droplets are observed
to be fully guided. As U, increases, the droplets start fol-
lowing the guiding track only partially, leaving the track at
a particular distance AH (the track exit height) measured
along the y-axis with respect to the center of the Hele—Shaw
channel. Specifically, a droplet is considered fully guided if
AH > AH,,., where AH,, is the threshold value measured
from the center of the Hele—Shaw channel to the lower edge
of the horizontal section of the track, as shown in Fig. 3b.
AHy, for Chips A, B and C was measured to be 260 pm,
270 um and 270 um, respectively. Differences in AH,
observed for each chip are due to slight misalignment of the
droplet guiding tracks with the Hele-Shaw channels during
the chip assembly. After leaving the guiding track, some
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Fig.2 Calculated profiles of confinement forces F, ; (green curves)
and F,, (blue curves) acting on a water droplet with the lat-
eral diameter 2R, = 100 pm crossing the track edges in a Chip
A Uy =235Tpm/s), b Chip B (Ug; =985pm/s) and ¢ Chip C
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Fig.3 (left) Experimental (dotted) and theoretical (solid) tra-
jectories of water droplets flowing at different U; in a Chip
A [Uyq0345 = (660,1060,1218,1533,2357)um/s], b Chip
B [Uy2345 = (378,463,490,510,985)pm/s] and ¢ Chip C

droplets located in the central region of Chip C are observed
to move slightly downwards, at an angle with respect to the
channel axis. This behavior was not observed during the
initial experiments performed with the same chip (see ESI
for details) and it is most likely caused by contamination of
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(Uyq = 528 pm/s). Corresponding trajectories for the same droplet and
flow conditions in d Chip A, e Chip B and f Chip C. In all plots, hori-
zontal axis indicates the position of the droplet center along the chan-
nel axis

[Wa12345 = (234,272,293,347,528) pm/s]. Black lines represent
the track edges. (right) Experimental trajectories of all water droplets
studied in the given chip. Coloring of droplet trajectories indicates the
values of U, according to the respective color maps

the chip surface that creates an additional confinement bar-
rier for the droplets.

Figure 4a shows the variations of AH as a function of U,
and capillary number Ca = uU,/y measured for water drop-
lets in Chips A, B and C, together with the theoretical pre-
dictions. Values of AH > AH,,, reached at low U, indicate
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Fig.4 Track exit height AH of a water and b water/SDS droplets
as a function of Uy and Ca. For each chip shown in part a, the three
smooth curves indicate theoretical results obtained with track depth
of 0.4 um (- -), 0.6 pm (—), and 0.8 pm (...). In part b, track depth is
assumed to be 0.6 pm. U, axis is the same in both a and b

full droplet guiding. The theoretical plots were obtained
assuming three different depths of the guiding track: 0.4 pm
(- -), 0.6 pm (—) and 0.8 pm (...). Recorded surface pro-
files revealed average track depths of ~ 0.6 pm measured
between the track center and the level of the surface far away
from the ablated track. However, the laser ablation process
leaves residual PDMS accumulated near the track edges,
which causes uncertainties in the actual track depth. A good
match is observed between the experiments and theoretical
results, especially for Chips B and C. For U; > 1000 pm/s,
the droplets in all three chips are observed to undergo a

(a) 400 Water

= —— Water/SDS

=}

5200 A
>

’
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X (mm)
Fig.5 Sorting of water (Uy=337um/s) and water/SDS

(U4 = 609 pm/s) droplets co-flowing in Chip D. a Experimental (dot-
ted) and theoretical (solid) trajectories of water and water/SDS drop-
lets. Black lines represent the track edges. b Merged image showing

slight vertical deflection, contrasting with the prediction
AH — 0 for increasing Uy. We attribute this disagreement
to the presence of inhomogeneities at the track edge that
further enhance the droplet confinement within the track.
In addition, the model does not include the full details of
droplet deformation upon its interaction with the track. In
accordance with the expectations, Fig. 4a shows that—for
similar values of U;—guiding of water droplets is improved,
(i.e., larger values of AH are reached) with decreasing ®.
This dependence of AH on U, can be also used for directing
droplets with different speeds to specific streamlines located
at different positions along the y-axis in the microfluidic
device. Results of guiding experiments performed in Chips
A, B, and C with water/SDS droplets are summarized in
Fig. 4b, together with the theoretical predictions. For this
case, both experiments and theory indicate very small partial
guiding of the droplets. Similarly to the case of pure water
droplets, experiments show stronger guiding than predicted
by theory. This residual guiding can be mainly attributed
to inhomogeneities present at the track edges and addi-
tional deformations of the droplet upon entering the track
that are not included in the model, which assumes a perfect
rotational symmetry of the droplets. However, even for the
water/SDS droplets, the values of Ca used in the experiments
are smaller than 0.012 (see Fig. 4b). Thus, any distortions of
the droplet shape due to shear forces induced by the flow of
the host liquid are expected to be small (Stone 1994). Fig-
ure 4a, b show a clear contrast in the values of AH observed
for water and water/SDS droplets for the same chip configu-
ration and Uy. This large contrast constitutes the essence of
the droplet sorting mechanism demonstrated in this paper.
Sorting of water and water/SDS droplets of similar sizes
that are concurrently generated in Chip D is demonstrated
in Fig. 5. In these experiments, T-junctions in inlets 1 and
2 were used for generating water/SDS and water droplets,
respectively, and the rate of droplet generation from both
T-junctions was sufficiently low to ensure the propagation of
individual droplets in the Hele—-Shaw channel without merg-
ing. Figure 5a shows two experimental trajectories observed
for exemplary water and water/SDS droplets (dotted lines)
together with theoretical trajectories (solid lines). These

the trajectories followed by a water (blue symbols) and water/SDS
(red symbols) droplet in Chip D. Water/SDS droplet can be identified
by its slightly lighter color and increased deformation due to higher
speed and lower IFT
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trajectories clearly indicate that the water droplet is fully
guided, while the water/SDS droplet is virtually unaffected
by the track presence. Figure 5b presents an exemplary
image demonstrating sorting of water and water/SDS drop-
lets. This image was obtained by merging camera frames
recorded at different times (see movie S16 in the ESI), and
it shows consecutive positions of the same water and water/
SDS droplet while moving within the microfluidic chip.

5 Conclusions

We have introduced a method for passive sorting of droplets
in microfluidic chips on the basis of their different inter-
facial properties. To this end, we have used surfaces with
topographic and wettability patterns represented by inclined
guiding tracks prepared by laser micromachining. We have
developed a theoretical model of droplet guiding that pre-
dicts the droplet trajectory from the balance of fluid drag,
frictional and confinement forces acting on the droplet and
have found a good agreement between the model and experi-
ments performed with water and water/SDS droplets at dif-
ferent flow speeds and track inclination angles. We have also
demonstrated sorting of water and water/SDS droplets of
similar sizes that are simultaneously generated by two differ-
ent T-junctions in the same microfluidic chip. The presented
approach can be used to design custom microfluidic devices
for guiding and passive sorting of droplets without extensive
fine tuning of experimental protocols. This approach can
also be used to characterize interaction between droplets and
surfaces of materials with wettability tunable by external
mechanisms such as electric field (Mannetje et al. 2014) or
light (Lim et al. 2006).
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